Adsorption, chemisorption, and reconstruction at the surfaces of ferroelectric materials can all contribute toward the pinning of ferroelectric polarization, which is called the electrical imprint effect. Here, we show that the opposite is also true: freshly cleaved, atomically-flat surfaces of (001) oriented BaTiO 3 exhibit a persistent change in surface chemistry that is driven by ferroelectric polarization. This surface modification is explored using lateral force microscopy (LFM), while the ferroelectric polarization is probed using piezoresponse force microscopy (PFM). We find that immediately after cleaving BaTiO 3 , LFM reveals friction contrast between ferroelectric domains. We also find that this surface modification remains after the ferroelectric domain distribution is modified, resulting in an imprint of the original ferroelectric domain distribution on the sample surface. This friction imprint effect has implications for surface patterning as well as ferroelectric device operation and failure. 
I. INTRODUCTION
BaTiO 3 (BTO) is perhaps the most well-studied ferroelectric material to date. The uses of BTO span applications including substrates for oxide thin film growth, 1,2 positive temperature coefficient resistors, 3 non-linear optical devices, 4 piezoelectric transducers, 5 ferroelectric memory, 6 and multiferroic composite devices. 7 In many of these applications, understanding the surface layer of BTO is of critical importance. For example, the epitaxial growth of many oxide thin films requires a well-ordered surface, while the positive temperature coefficient of resistance is attributed to surface phases.
Unfortunately, most surface preparation techniques, such as polishing, sputtering, and annealing, introduce surface contamination and structural defects, or change the stoichiometry in near-surface layers. These non-idealities can make surface studies difficult to interpret. In this work, we show that atomically-flat terraces of pristine BTO can be obtained by mechanical
cleavage. This provides a simple way to obtain ideal, uncontaminated surfaces. Using these pristine surfaces, we then show that when samples are cleaved in air there is a surface modification that depends on the direction of ferroelectric polarization at the time that the sample is cleaved.
In the following paragraphs, we begin by introducing the crystal structure of BTO and providing a brief overview of its ferroelectric properties. We then examine the surface of cleaved BTO using a variety of atomic force microscopy (AFM) based techniques. First, we show that the topography within a single-ferroelectric-domain region contains pristine, atomically-flat terraces. Next, we examine regions of the surface that contain a mixture of ferroelectric domains.
For these mixed domain regions, we perform a series of cleaving, drying, and heating experiments that are designed to elucidate the role of both water adsorption and ferroelectric polarization on the surface chemistry. In the mixed domain regions, the surface chemistry is probed using lateral force microscopy (LFM) and the ferroelectric domain pattern is probed using piezoresponse force microscopy (PFM).
II. STRUCTURE AND FERROELECTRIC POLARIZATION OF BTO
At standard temperature and pressure, the structure of BTO is tetragonal (space group P4mm, IUC number 99). 8, 9 A typical single crystal sample contains a mixture of ferroelastic domains, which correspond to the three possible orientations of the long axis (c axis) of the unit cell. For each ferroelastic domain orientation, there are two possible ferroelectric polarization directions, which correspond to the displacement of the Ti 4+ cation from the center of the unit cell along the c axis. In this work, we focus on ferroelastic domains that are oriented perpendicular to the sample surface (c domains). For c domains, the ferroelectric polarization can be oriented either out of the sample plane (c + domain) or into the plane (c -domain). The ferroelastic distortion (and therefore the ferroelectric polarization) can also lie in-the-plane of the sample (a domain).
III. CLEAVAGE AND ATOMIC TERRACES
The typical methods used to prepare clean, atomically-flat surfaces on single crystal BTO substrates entail polishing, 10 sputtering, 11 etching, 12 and annealing. 11, 13 All of these steps modify the structure and surface chemistry of the sample, making it more difficult to draw conclusions about how an ideal BTO surface behaves. Among these techniques, only annealing can yield atomically-flat surfaces. Unfortunately, annealing can also cause reconstruction of the surface and may disturb the stoichiometry in sub-surface layers. In this work, we obtain atomically-flat terraces of (001) BTO by cleaving a chip out of the edge of a single crystal sample. This approach yields the most pristine possible surface of BTO, making it ideal for investigation of its intrinsic surface properties.
The single crystal samples of (001) oriented BTO 10, 14 were cleaved using a pair of tweezers by applying pressure at the edge of the sample in a direction perpendicular to the c axis. 
IV. FRICTION AND FERROELECTRIC POLARIZATION
Lateral force microscopy (LFM) is an AFM-based technique used to measure nanoscale friction. 15 The tip is brought into contact with the sample surface and scanned perpendicular to the long axis of the AFM cantilever. As the tip slides along the surface, friction between the tip and sample causes the cantilever to twist. The torsional bending of the cantilever results in a lateral deflection of the optical-lever laser spot on a quadrant photodiode, providing the user with a friction force signal. It has been shown that LFM can be sensitive to surface forces arising from chemical 16, 17 as well as structural surface properties.
18
PFM is another AFM-based technique that is used to image ferroelectric domain distributions. 19 In PFM, the AFM tip is brought into contact with a sample, an AC bias voltage is applied to the tip, and the amplitude and phase of the cantilever deflection at the AC bias frequency are measured. The amplitude of the cantilever response is related to the piezoelectric constants of the material under test, while the phase of the response is related to the direction of the ferroelectric polarization. after cleaving, though it is possible that the process of cleaving the sample could introduce domains or alter the domain structure. The friction pattern exhibited in the LFM image very closely matches the ferroelectric domain patterns observed in the PFM image, implying that the ferroelectric polarization is closely related to the mechanism of friction contrast.
It has been shown that water preferentially adsorbs onto the surface of c oriented BTO domains, and that this adsorption occurs within minutes after a change in humidity. 20 The rapid adsorption of water is typically attributed to screening of bound charge on the polar ferroelectric surfaces. 21 In order establish the contribution of adsorbed water to the friction contrast shown in Fig. 3a , we performed a drying experiment in N 2 atmosphere. We first cleaved and imaged a sample in laboratory air. We then purged the air from the AFM using a continuous flow of dry nitrogen, which resulted in a relative humidity of less than 3 %. After one day in nitrogen, the sample was then measured again using LFM. These measurements are shown in Figs. 3a and 3b
after cleaving in air and after one day in dry nitrogen atmosphere, respectively. We make two observations about these images: (1) after one day in nitrogen, friction on both c + and c -domains is greatly reduced; and (2), after drying the sample in nitrogen, the c + domains that had initially exhibited higher friction than the c -domains, then switched to the lower friction signal.
In order to identify whether the residual friction contrast visible after drying the sample was directly related to the ferroelectric polarization, we performed a heating experiment that was designed to re-arrange the ferroelectric domains. The ferroelectric Curie temperature in BTO is approximately 125 °C, where BTO undergoes a structural phase transition from a tetragonal to a cubic unit cell. Once above this temperature, the ferroelectric ordering in BTO is destroyed.
Upon cooling below 125 °C, the ferroelectric polarization can form a different pattern of domains as compared with the initial, unheated state. In our heating experiment, the crystal was 8 cleaved in air and an LFM image was obtained (Fig. 4a) . Next, the AFM was flooded with a continuous flow of nitrogen. Once the relative humidity had dropped below 3 % (after approximately one hour), the crystal was heated from ambient temperature to 150 °C at a rate of 0.1 °C/s, and then cooled back to ambient temperature at an equal rate. Figure 4 shows friction, topography, and PFM images of a cleaved region of BTO before and after heat cycling. Figure 4a shows a freshly cleaved chip, which again shows the characteristic high and low friction regions. After heating, the change in friction shows the same trend as it did when simply drying the sample (see Fig. 3 ). That is, overall friction is reduced and there is a friction contrast reversal. As in the drying experiment, we attribute the friction reduction and contrast reversal to the removal of adsorbed water. In addition to these drying effects, we saw that after the sample was heated, the ferroelectric domain pattern was drastically
Figure 3
Friction images demonstrating the effect of drying. Part (a) shows the friction force measured immediately after cleaving in air, revealing the friction contrast associated with c + and c -domains, as shown in Fig. 2 . Part (b) shows the friction force measured after leaving the sample in an N 2 atmosphere for 24 hours. Both images are overlaid on top of AFM topography. The average friction force in each domain type before and after drying is given in supplemental material. 9 After drying in N 2 , friction on both c + and c -domains is reduced and there is a contrast reversal between domains.
changed. This change was indicated by a mismatch between the friction pattern immediately after cleaving (Fig. 4a ) and the piezoresponse after heating (Figs. 4e and f), as well as the appearance of surface corrugations in the topography after heating (Figs. 4b and d) . These surface corrugations are associated with domain rearrangement from an entirely c-oriented surface (before heating) to a mixture of a and c domains (after heating). 21, 28 We note that even after the ferroelectric domains were re-arranged by heat cycling, the friction imprint on the surface retained the same pattern as the ferroelectric polarization at the time the sample was cleaved. This indicates that the surface was permanently modified after cleaving, resulting in an imprint of the ferroelectric polarization onto the surface chemistry.
V. DISCUSSION
There are several possible mechanisms that could be responsible for the friction imprint effect described here. These mechanisms include physisorption, chemisorption, surface reconstruction, or a combination thereof. In previous reports, it has been shown that in ambient conditions the ferroelectric polarization charge of BTO is screened by adsorbed molecules on the timescale of minutes 21 and that water is readily adsorbed onto BTO (001) surfaces. 20 The role of water as a screening mechanism can be twofold: molecular water may reduce depolarization energy via higher dielectric constant, while dissociative adsorption and ionic transport can serve to compensate polarization bound charge. Based on these studies and the fact that our samples were cleaved in air, it is reasonable to expect that adsorption of water plays a role in our experiments. In this case, we expect that by either drying or heating the sample, we would at least partially remove the water layer. Indeed, we find that we observe a similar change in friction by placing the sample in a dry atmosphere for one day (as shown in Fig. 3 ), or by heating in a dry atmosphere (as shown in Fig. 4 ). from the surface, which has been shown to occur when BTO is exposed to aqueous solutions. 27 It is very likely that the corresponding chemical surface reaction (see Eq. (1) It is worth noting that friction contrast has also been observed between the ferroelectric domains on organic ferroelectrics, such as triglycine sulphate (TGS) 18, 28 and guanidinium aluminum sulfate hexahydrate (GASH). 18 In both of these cases, it was found that the origin of
Figure 4
Friction and topography images before and after heating the sample above its Curie temperature. Part (a) shows the friction force overlaid on the topography immediately after cleaving the sample. Part (c) shows the friction force overlaid on the topography after heat cycling to 150 °C, which is well above the ferroelectric Curie temperature of BTO (125 °C). Parts (b) and (d) show high-resolution topography images before and after heating, respectively. The average friction force for each domain type before and after heating is given in supplemental material. 9 Parts (e) and (f) show PFM phase and amplitude measurements after heat cycling, respectively. The black square in parts (a), (c), (e) and (f) indicates the region shown in parts (b) and (d). Despite the change in ferroelectric domain structure, the pattern of the friction force after heating closely matches the initial friction force distribution, indicating that the friction signal after heating is due to a modification of surface chemistry, rather than the ferroelectric polarization distribution.
friction contrast between ferroelectric domains was the orientation of molecules in the unit cell, which reverses as one moves across a 180 ° ferroelectric domain wall. 18 For BTO, the unit cell is much simpler than that of either TGS or GASH, eliminating the possibility that a reversal in molecular orientation is the relevant mechanism here.
It is also worth noting that friction contrast has been seen on SrTiO 3 29,30 which has a very similar structure to BTO, although it is not ferroelectric. For the SrTiO 3 (001) surface, the friction contrast has been attributed to the surface termination of the crystal, which can be either SrO or TiO 2 . This surface termination effect is generally associated with integer-and-a-half unitcell steps on the surface, since the unit cell consists of alternating layers of SrO or TiO 2 . For our work, we believe that we can rule out this mechanism since we have observed friction contrast even within a single atomic terrace. 9 Further, we have only observed whole-unit-cell steps between terraces and domains, implying that each adjacent domain has the same termination, which may be BaO or TiO 2 .
In general, we expect that the mechanism of friction contrast between ferroelectric domains in BTO is likely to be a mixture physisorption, chemisorption, and surface reconstruction. Future experiments with samples cleaved and interrogated in vacuum would be instrumental in determining the degree to which each of these factors contributes to the friction contrast.
VI. CONCLUSION
We have carried out a comprehensive AFM-based study on freshly cleaved, atomicallyflat BTO surfaces, and investigated the interaction between surface functionalization and the orientation of the ferroelectric domains. The main results of this work are two-fold. First, we have shown that atomic terraces of (001) oriented BTO can be obtained by mechanical cleavage.
This cleavage method provides a simple method for preparing fresh surfaces of BTO, which may find applications in fundamental studies of BTO surfaces or in exploratory studies of prototype devices that require epitaxial growth on BTO substrates. Second, we have shown that the freshly cleaved surface exhibits friction contrast between c + and c -oriented ferroelectric domains, and that this friction pattern persists even after the ferroelectric domain distribution is changed. We have also shown the role of water in generating friction contrast reversal after drying or heating the sample in nitrogen. The origin of the observed friction contrast may be adsorption or chemisorption of charged or polar species from the air, or may entail surface reconstruction that is independent of environmental moieties.
VII. MATERIALS AND METHODS
For friction measurements, the sample was scanned along the direction perpendicular to the long axis of the cantilever while contact was maintained between the tip and sample, and the lateral signal from the quadrant photodiode was recorded. We then used a diamagnetic lateral force calibrator to convert the lateral deflection signal from Volts to Newtons. 31 The friction force on the tip was then calculated by taking half of the difference in lateral force between the trace and retrace scan directions. All friction measurements were performed using nanocrystalline diamond tips, model ND-CTIT2 (Advanced Diamond Technologies, Romeoville, IL) unless otherwise noted. The scan speed was approximately 100 µm/s and the normal load was approximately 12 nN for all friction images unless otherwise noted.
PFM was performed at the fundamental contact resonance frequency using dual amplitude resonance tracking. 32 For the PFM phase image in Fig. 2b , an AC bias of 1 V at approximately 270 kHz was applied to the Pt metal coating on the tip-side of the cantilever, which was a model AC240TM (Olympus, Tokyo, Japan). For the PFM images in Figs. 4e and f, an AC bias of 1 V at approximately 780 kHz was applied to the conductive coating on the tipside of the cantilever, which was a model DCP-11 (NT-MDT, Moscow, Russia). The orientation of the c + and c -domains was identified by patterning domains using a DC bias on the tip, as shown in supplemental material. 9 Following this patterning step, the PFM phase channel was calibrated by adding an offset that set the phase on c -domains to zero.
AFM images were post-processed using Gwyddion software 33 in order to produce 3D renderings. 
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Figure S1
Part (a) shows the crystal structure of BTO at ambient temperature, which is a tetragonal perovskite structure (space group P4mm, IUC number 99). The ferroelectric polarization direction corresponds to the displacement of the Ti atom from the center of the unit cell along the c axis. Part (b) shows the six possible ferroelectric polarization directions relative to the crystal lattice. 
